is work dealt with an essential problem of fragmentation of rocks with expansive cement. e redistribution and magnitude of stresses and displacement generated around holes were done by using Ansys Inc. Code which is based on finite element code. Blocks of rock with one hole, two holes, and nine holes drilled in square mesh and staggered mesh have been considered. Numerical results reveal that many factors can influence the mechanism of fragmentation of a rock by using expansive cement: hole diameter, hole spacing, panel mesh, expansive pressure applied, and the elastic properties of the massif. Stresses and displacements generated globally decrease when spacing holes increase. Normal stresses allow a better stress interaction between holes in the case of square mesh disposition. Staggered mesh disposition generates higher stresses than the square mesh disposition. But the square mesh disposition can be useful for controlled fragmentation in order to obtain block of rock with square geometry. For each expansive cement and rock, there exist suitable range of diameter and spacing hole which can generate high stresses for breaking the rock.
Introduction
Explosives play a leading role in modern industries. ey are used for the extraction of metals; industrial minerals; mineral exploration works; or the construction of roads, railways, or hydroelectric plants. e excavation and fragmentation with explosives is an integral part of the technology mostly used by man to excavate the rock for multiple uses. However, the blasting is also accompanied by air pollution, noise pollution, alteration of soil, and fauna and flora, as well as social problems due to conflicts of interest, home transfers, and so on.
Due to the environmental and social impact related to blasting of rocks, new methods of fragmentation have been developed including the expansive cement fracturing.
Nonexplosive fracturing of rocks is one of the main rockbreaking methods in hard rock quarries or for the demolition of any concrete structure and is usually accomplished through the use of nonexplosive expansion material (NEEM). Although this method of rock breaking is without noise or vibrations and the entire operation is controllable, safe, and easy, the process is lengthier compared to the blasting method. "Expansive cements are inorganic binders that generate expansive stresses in the hardened paste in the course of hydration, counteracting the tensile stresses generated by chemical shrinkage and drying shrinkage." [1] . is method consists of introducing expansive cement into previously drilled holes, and the expansive stresses created by the cement will have the function of initiating cracks and spreading them over the entire massif. Many studies experimentally showed that expansive cement is capable of breaking rocks [2] [3] [4] . However, evaluation and knowledge of stresses which occur around the hole become very important to control fragmentation. Many models have been established to analytically and numerically simulate the cracks, stress, and strain around the hole.
In 1987 and 1992, Aifantis [5] [6] [7] introduced the theory of gradient elastic and it has been used successfully for predicting shear band widths and spacings, as well as for eliminating strain singularities from dislocation lines and elastic crack tips. In 2003, Mastorakos et al. [8] simulated the discrete crack propagation. eir study showed that there is a characteristic relation between critical stress and crack growth for different initial defect concentrations. Moreover, the crack path is of a fractal character, and the crack velocity dependence on the stress intensity factor follows a power law relationship, in accordance with experimental trends.
In 2004, Efremidis et al. [9] used a simplified gradient elasticity theory to analytically simulate the behavior of the hollow cylinder loaded by internal and external pressure. It follows that gradient theory in its simplest form is able to capture the size effect in contrast with elasticity theory. In 2009, Aifantis [10] also used a gradient approach to predict a significant size effect: smaller holes experience lower stress concentration factors in accordance with intuition; in addition, he showed that micropolar theory gives measurable effects only for specimens with very small hole sizes and couple stress theory gives measurable effects only for small and medium size holes.
Recently in 2016, Bagni et al. [11] proposed a new approach based on the combination of the Ru-Aifantis theory of gradient elasticity and the theory of critical distances (TCD) for the fatigue assessment of notched metallic components.
e proposed methodology represents an important step forward respect to the state of the art, allowing an accurate fatigue assessment of engineering components, by postprocessing the relevant gradientenriched stresses directly on the surface of the component, with evident advantages from a practical point of view. Also in 2016, Aifantis [12] investigated internal length gradient (ILG) material mechanics across scales and disciplines. In their study, three apparently different emerging research areas of current scientific/technological/biomedical interest are discussed: (i) plastic instabilities and size effects in nanocrystalline (NC)/ultrafine grain (UFG) and bulk metallic glass (BMG) materials; (ii) chemomechanical damage, electromechanical degradation, and photomechanical aging in energetic materials; (iii) brain tissue and neural cell modeling. All these cited studies are based on the theory of gradient elastic, gradient plasticity, gradient chemomechanics, and gradient electromechanics. However, based on the theory of classic elastic linear behavior of rock, the analytical numerical solutions and of stresses redistribution were proposed by many researchers. Timoshenko and Goodier proposed the analytical calculation of stress redistribution around a circular hole [5] . Arshadnejad et al. used Timoshenko and Goodier's theory of plasticity to determine the redistribution of stress between two circular holes [13] . In 2009, Arshadnejad et al. used phase 2 code based on finite elements to study numerically the redistribution of stresses between two circular holes [13] .
In 2011, Arshadnejad et al. [14] developed an empirical model based on hole spacing to determine the pressure of NEEM in the rock fracture process. Primarily, the empirical model was developed by the mathematical method, using dimensional analysis. en, the phase code, which is based on the finite element method, was utilized to predict growth of crack in rocks. e results of numerical analysis show slight deviations from the empirical model.
In 2012, Sburlati [15] obtained analytical solutions for thick-walled cylinders subjected to internal and external pressures in which the entire wall is made of functionally graded material or of only a thin functionally graded coating present on the internal homogeneous wall.
is investigation permitted to optimize the elastic response of cylinders under pressure by tailoring the thickness variation of the elastic properties and to reduce manufacturing costs given by the technological limitations that occur to produce entire functionally graded walls.
In 2017, Shen et al. [16] investigated a new simple mathematical method to predict rock stress around a noncircular tunnel, and the method is calibrated and validated with a numerical model. It can be found that the tunnel shapes and polar angles affect the applicable zone of the theoretical model significantly, and the applicable zone of a rectangular tunnel was obtained using this method.
Recently in 2018, Nkene et al. [17] studied analytically and numerically strain fields, stress fields, and displacements in a rotating hollow cylinder, whose walls were completely made in functionally graded materials (FGM). eir results showed that tangential stress, tangential strain, and displacements are higher at the inner surface and internal radial pressure strongly affects the radial stresses and radial strain.
However, to the best of our knowledge, the numerical analysis of the redistribution of stresses and displacement around a block of rock with more than two holes in the case of an isotropic system remains unaddressed. e effect of holes disposition is also investigated.
In this work, we used Ansys Inc. software for numerical analysis of stress redistribution and displacement by the application of expansive cement.
is study concerns an isotropic elastic block with one hole, two holes, and nine holes drilled with disposition in the square mesh and staggered mesh. Ansys Inc. software is based on the finite element method. It is used to model complex behaviors and offers the best results. is enables us to observe in two or in three dimensions the redistribution and magnitude of stress, strain, and displacement in the medium.
is document is organized as follows. e finite element method based on the Rayleigh-Ritz method used is set out in Section 2. Section 3 is devoted to numerical simulations of the state of stress and displacement around a one, two, or nine circular hole(s) panel. Finally, the conclusion is given in Section 4.
Methods

e Distribution of Stress Field around a Circular Hole.
Let us consider a hollow cylinder with inner radius a and outer radius b under an axisymmetric radial loading (internal and external pressure loading, resp., P i and P 0 ), as show in Figure 1 . e distribution of stresses around a cylindrical hole with uniform loads inside and outside can be written in the following way [2] :
where σ r and σ θ are, respectively, the radial and tangential stresses; r is the distance between the center of the hole and the point considered; and p i and p 0 are, respectively, the internal and external pressures applied on the hole. e distances a and b are, respectively, the internal and external radii of the cylinder.
If we consider a block with one hole drilled and lled with expansive cement, the expansive cement will develop a pressure noted p i as shown in Figure 1 . In the context of the use of expansive cement, the external pressure is zero and we only consider the internal pressure. e equation thus becomes [5] 
And if we consider the outer radius b is very thick, we can reduce the equations again by tending b to in nity. So, we have [5] 
Redistribution of Stresses between Two
Holes. Let us consider a block with two circular holes drilled and lled by expansive cement. ese two holes are spaced to d and have a radius of r. According to the hole spacing, the stresses generate around the hole can interact. e equation of tangential and normal stresses around two holes becomes [5] 
where C r and C θ are the concentration factors of the radial and tangential stresses, respectively; d is the distance between holes; and r is the radius of holes.
In the case of a block with more than three holes, analytical resolutions become very complex, and therefore, the numerical method should be used. It is used to model complex behaviors and o ers the best results.
e nite element method is a numerical approximation method of solutions of partial di erential equations [18, 19] . We use the Rayleigh-Ritz method [20, 21] based on the principle of minimum potential energy to establish the displacement equation of the medium as a function of the applied external forces. e general equation of displacement of nodes as function of force applied on nodes is given by
where q is the global displacement vector, F is the global vector of the loads applied on the nodes, and K is the rigidity matrix. e algorithm based on the nite element method for solving our problems is shown in Figure 2 : Advances in Materials Science and Engineeringis algorithm is valid for materials showing an isotropic or anisotropic linear elastic behavior because the elastic constants remain constant throughout the loading.
Numerical Analysis
Presentation of Models.
e parameters of the material used for this numerical analysis are the density D, Young's modulus E, and Poisson's ratio ]. e material of our model is a granite block presenting an isotropic elastic behavior whose mechanical characteristics are [21] D 2.75 g/cm 3 , E 50 GPa, and ] 0.1. We have chosen granite rock because it is mostly exploited in quarry rock and mostly used in civil engineering. In the case of hard rocks (brittle material), the material is considered to behave in a linear elastic model. e expansive cement used in this work is SPLITSTAR cement. It is mostly used in the demolition of rocks [14] . is cement is mainly composed of CaO. Its minimum pressure developed is 15 MPa [14] . We consider the minimum pressure in our numerical analysis with respect to the linear elastic model. e meshing of our system is generated with a triangular mesh, and in order to have a better approximation of the results, the mesh density is more concentrated around the hole. Figure 3 presents the models used with the application of 15 MPa pressure inside each hole (Figure 3 ). e initial conditions are (i) one degree of freedom, (ii) in situ stress neglected. e diameter of the holes is 15 cm. e spacing between the holes of the same rows is 50 cm, and the spacing between the rows is 50 cm.
Numerical Result of the Redistribution of Stresses and
Displacements around Circular Excavations
Case of a One-Hole Panel.
Redistribution and magnitude of normal stress and shear stress around a hole drilled in an isotropic elastic block of rock are shown in Figure 4 . In Figure 4 , the parts of the excavation colored blue and red, respectively, represent the areas of compression and tension. As it is usual in rock mechanics, the negative sign stress values represent the compression stresses, while the positive sign represents the tension stresses. e respective maximum stresses are 14.426 MPa and 14.504 MPa, respectively, for normal stress and shear stress. Figure 5 displays the surface isovalues of displacements. Figure 5 shows the displacement of nodes around a circular excavation.
e maximum displacements are located around the hole with a value of 0.024801 mm.
ese magnitudes of displacements are decreasing as one moves away from the hole due to the decrease in the stresses.
In Figure 6 , it is noted that from d 15 cm to 35 cm, normal stress and shear stress increase.
e maximum Above 35 cm of hole's diameter, the stresses generated decrease and cannot break the rock. In addition, the increase in the diameter of holes increases the consumption of expansive cement. Advances in Materials Science and Engineering
Case of Block with Two Holes.
Hole spacing is the main parameter when the expansive cement is applied in drill holes to cause rock fracture. Figures 7 and 8 present the redistribution and magnitude of the displacements and stresses around two circular holes lled by expansive cement.
In Figure 7 , the maximum value of displacement is 0.024956 mm. It can be observed that there is interaction between the holes which allows the widening of the eld of displacements. When the spacing hole increases, the intensity of the displacement decreases.
e similar results were observed in [8, 9] . 
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In Figure 8 , the portions of the excavation colored blue and red, respectively, represent the areas of compression and tension. e tension zones are smaller than the compression zones. It is therefore concluded that our panel to be lled is generally in a state of compression.
e respective maximum stresses are 13,299 MPa and 14,796 MPa. In addition, it is noted that when the spacing hole increases, the intensity of stresses decreases. In Figure 8(a) , it is observed that only the normal stresses can create interaction between holes and then could lead to creation of cracks between two holes.
is result is in accordance with [7] . Figure 9 presents the maximum value of displacement as the function of spacing holes. Figure 9 clearly shows that the more the spacing holes increase the more the magnitude of displacements and stresses increase.
Case of Block with Nine Holes Drilled in Square Mesh.
e square mesh distribution of the hole is mostly used in rock quarries. e redistribution and magnitude of stresses and displacement in the case of a block with 9 holes drilled in the square mesh is displayed in Figures 10 and 11 .
In Figure 10 , the maximum value of displacement is 0.021558 mm. It can be seen that depending on the spacing of holes, there exists interaction between the holes.
In Figures 10 and 11 , the parts colored in red and brown represent the zones of tension, while the parts colored in blue represent the zones of compression.
e maximum values of the stresses are 13,401 MPa and 13,646 MPa, respectively, for normal stress and shear stress. In Figure 11 (a) according to the spacing of holes, the compressive stresses are propagating in the x-direction, while the tensional stresses are propagating in the y-direction. is could allow a controlled fragmentation. However, in Figure 11 Advances in Materials Science and Engineering spacing of holes should be very small for in order to allow stress interaction between them. Figures 12 and 13 show the variations of the stresses and displacements as a function of the distance between the holes of the same line (E) in a square mesh of isotropic elasticity. Figures 14 and 15 show the variations of stresses and displacement as a function of the distance between the rows (B) of holes in a square mesh.
In Figures 12, 13, 14(b) , and 15, it is noted that normal and shear stresses and displacements globally decrease when the spacing hole increases. For the distance between holes of the same line greater than 48 cm and the distance between the rows of holes greater than 36 cm, stresses seem to be constants. We can conclude that the spacing between the holes of the same line and the spacing between the rows of holes are the important parameters for breaking rock. is result is in accordance with [7] .
Engineers should choose suitable spacing hole to control fragmentation. However, in Figure 14(a) , the variation of shear stress as a function of the distance between the rows of the hole is more complex. 
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Case of Block with Nine Holes Drilled in Staggered
Mesh. Staggered mesh disposition of the hole is mostly used in fragmentation of rocks. Figures 16 and 17 present the redistribution and magnitude of stresses and displacement in the case of a block with 9 holes drilled in the staggered mesh.
In Figure 16 , the maximum value of displacement is 0.026672 mm. is value is greater than those obtained in the square mesh disposition of holes. We can observe that, in this type of mesh, the interaction is not only between the holes of the same row but also between the rows.
In Figure 17 , the areas colored in red and brown represent the zones of tension, while the parts colored in blue represent the zones of compression. e maximum values of the stresses are 13 conclude that staggered mesh disposition generates higher stresses than the square mesh disposition. But the square mesh disposition can be useful for a controlled fragmentation in order to obtain block of rock with square geometry. In addition, only the shear stresses (Figure 17(b) ) in the staggered disposition allow better stress interaction between holes and then lead to the breaking of rock. Figures 18 and 19 show the variations of the stresses and deformations as a function of the distance between the holes of the same line in the staggered mesh.
e variations of the stresses and deformations as a function of the distance between the row of holes drilled in the staggered mesh are displayed in Figures 20 and 21 .
Figures 18, 19, and 20(b) show that normal and shear stresses and displacements globally decrease when the spacing hole increases.
is result is in accordance with [8, 9] . Similar tendency was observed in a square mesh disposition. For the distance between holes of the same line greater than 46 cm and the distance between the rows of holes greater than 38 cm, normal stresses increase slowly. We can conclude that the spacing between the holes of the same line and the spacing between the rows of holes are the important parameters for the breaking of the rock. Engineers should choose suitable spacing hole for controlling fragmentation. However, in Figures 20(a) and 21, the variation of shear stress as a function of the distance between the rows of the hole is more complex. is observation is similar to a square mesh disposition.
Conclusion
In this work, we numerically investigated the redistribution of stresses and displacement around holes drilled in a square mesh and a staggered mesh. Numerical results reveal that several factors can in uence the mechanical behavior of rocks around the hole: hole diameter, hole spacing, panel mesh, expansive pressure applied, and the elastic properties of the massif, which can be explained as follows: (i) Stresses and displacements globally decrease when spacing holes increase. Similar tendency is observed in [8, 9] . (ii) Normal stresses allow a better stress interaction between holes in the case of a square mesh disposition. (iii) Shear stresses in the staggered disposition allow better stress interaction between holes and then lead to the breaking of the rock. is result is in accordance with [7] . (vii) e staggered mesh disposition generates higher stresses than the square mesh disposition. But the square mesh disposition can be useful for a controlled fragmentation in order to obtain the block of rock with square geometry.
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